Summary Patients with cognitive impairment (CI) often do not receive secondary fracture prevention. Use of zoledronic acid led to a similar reduction in re-fracture risk but the survival benefit was limited to those without CI. Introduction We tested whether the effects of zoledronic acid (Zol) on re-fracture and mortality differed in patients presenting with a hip fracture by cognitive status. Methods We used data from the Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly Recurrent Fracture Trial, of yearly intravenous 5 mg Zol vs. placebo in patients presenting with a hip fracture. Primary outcome was new fracture and secondary outcome mortality. Short Portable Mental Status Questionnaire (SPMSQ) with a cut-point of >2 was used to identify CI. Fine-Gray models for competing events were fitted to study the effect of Zol on re-fracture and Cox regression for death. A multiplicative term was introduced to study a potential interaction between treatment and cognitive status on outcomes. Results Baseline SPMSQ of 1,966/2,127 (92.4 %) patients was measured. Three hundred fifty (17.8 %) had CI, balanced between treatment arms. In the placebo arm, there was similar fracture incidence between those with and without CI (15.4 vs. 12.3 %, p=0.26). There was no significant interaction for the effect of CI on Zol and refracture (p=0.66). CI was associated with higher 1-year mortality (12.6 vs. 4.3 %, p<0.001) and the interaction was bordering significance (interaction, p = 0.066). Zol prolonged survival only in patients with normal cognitive status [HR 0.56 Conclusions While these results require confirmation, the findings support the use of bisphosphonates in patients with osteoporotic fracture and CI expected to live for more than 6 months.
Introduction
Hip fractures represent a significant burden to patients, their relatives, the health care system and society [1] . Secondary fracture prevention has been highlighted internationally as an effective and important health care intervention [2] . Many patients admitted with an osteoporotic hip fracture have cognitive impairment and this is associated with a higher risk of falls, recurrent multiple fractures and death [3, 4] . Using simulation models, the effect of higher mortality rates appears to be offset by a higher re-fracture rate, favouring the use of osteoporosis therapies in this patient group [5] . However, there is little randomised controlled trial data describing the effectiveness of anti-resorptive therapy in patients with cognitive impairment, as most osteoporosis trials excluded those patients unable to give informed consent [6] . This has lead to a treatment gap for patients with cognitive impairment not routinely receiving pharmacological secondary fracture prevention [7] . This is a concern given the high prevalence of cognitive impairment in patients admitted with osteoporotic hip fracture [8] .
The primary aim of the Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly (HORIZON) Recurrent Fracture Trial was to examine the effect of treatment (zoledronic acid 5 mg versus placebo) on time to a new clinical fracture [9] . A unique feature of this trial was the inclusion of patients with cognitive impairment using caregiver assent. We a priori hypothesised that heterogeneity may exist whereby the effect of zoledronic acid may differ according to whether or not patients had cognitive impairment. The aim of this study was to conduct a subgroup analysis to examine whether the beneficial effect of zoledronic acid on outcomes of time to clinical fracture and death was attenuated if patients had cognitive impairment compared to those without cognitive impairment.
Methods
The methods for the HORIZON Recurrent Fracture Trial have been reported in detail elsewhere [9] and are outlined below.
Study design, interventions and follow-up
The HORIZON Recurrent Fracture Trial was an international, multicentre, randomised, double blind, placebo-controlled trial involving patients with recent hip fracture comparing annual 5 mg zoledronic acid vs. placebo intravenous infusion. All patients received daily supplementation with oral calcium (1,000 to 1,500 mg) and vitamin D (800 to 1,200 IU), and those with baseline serum 25-hydroxyvitamin D unknown levels or ≤15 ng/mL received a loading dose of either vitamin D 3 or D 2 (at a dose of 50,000 to 125,000 IU given orally or intramuscularly) 14 days before first infusion. Participants were followed for up to 5 years using quarterly telephone interviews and attended a yearly clinic visit.
Cognitive status
Cognitive impairment was assessed at baseline using the 10-point Short Portable Mental Status Questionnaire (SPMSQ) [10] . In the design of the questionnaire, a score greater than 2 errors detects cognitive impairment, and among medical inpatients, a cut-off point of >2 errors has a sensitivity of 86 % and specificity of 99 % for moderate to severe dementia [11] .
Outcomes
In this secondary analysis, time from intervention to first clinical fracture is the primary outcome, with time to death being the secondary outcome.
Incident non-vertebral clinical fractures (excluding facial, digital or skull fractures) were confirmed reviewing radiographic reports and/or medical records. Incident vertebral fractures were identified by blinded review of both baseline and recent radiographs.
Statistical analyses
For the primary outcome of time to new clinical fracture, we used survival analysis methods to describe the association of treatment on time to new clinical fracture. Given that a high mortality rate would significantly overestimate effect sizes [12] , the competing risk of death was accounted for using the method of Fine and Gray [13] . For the secondary outcome of time to death, we used Cox proportional hazard regression models. For the primary and secondary outcomes, we performed a pre-specified single test for interaction between the treatment and subgroup (whether or not the patient had cognitive impairment) [14, 15] : we introduced a multiplicative term in multivariable models (i.e. treatment arm × cognitive impairment y/n), after adjustment for confounders (age, gender, ethnic group, Charlson co-morbidity index and region) and used likelihood ratio test to estimate the p value for the interaction. A modified Kaplan-Meier method was implemented for the outcome of time to new clinical fracture. In the modified Kaplan-Meier method, individuals who died before the fracture endpoint were not censored at the time of death. Instead, they are assigned 4-years follow-up time (the end of the observation period) and assumed to be fracture free up to that date [16] . All analyses were carried out using Stata version 12.1.
Results
Among a total of 2,127 participants within the HORIZON Recurrent Fracture Trial, data on cognitive status were available for 1,966 (92.4 %) patients. Patients with missing SPMSQ data were significantly older and had more co-morbid conditions (Table 1) .
Of those with a recorded SPMSQ, 350 (17.8 %) had cognitive impairment and were balanced between zoledronic acid [n=168 (48 %)] and placebo [n=182 (52 %)] arms. Baseline characteristics for participants with normal and impaired cognitive function are shown in Table 2 . Patients with cognitive impairment were significantly older, less likely to be Caucasian, had a lower BMI and a higher Charlson co-morbidity index but were more likely to have been users of concomitant anti-osteoporosis medications. Those with cognitive impairment who had baseline bone density measurements also had lower bone density at both the total hip and femoral neck.
The rates of re-fracture and death in treatment and placebo arms of the trial are shown in Table 3 . In the placebo arm, there was no significant difference in the incidence of new clinical fracture between patients with and without cognitive impairment (p=0.26). Further, there was no evidence of interaction between treatment allocation and cognitive impairment (p=0.66) on clinical fracture risk in the competing risks regression model: SHR for the effect of Zoledronate on clinical fracture risk in participants with and without cognitive impairment was of 0.84 (95 % CI 0.42 to 1.66) and 0.74 (95 % CI 0.53 to 1.02), respectively (Fig. 1) . The proportional sub-hazards assumption was satisfied when introducing treatment and cognitive impairment as time-varying covariates in the model. For mortality, rates were higher in those with cognitive impairment compared with normal cognition (6-month and 1-year mortality: 6.6 vs. 1.2 % and 12.6 vs. 4.3 %, respectively; Table 2 ). For time to death, there was weak evidence of an interaction between treatment and cognitive impairment (p=0.066). Schoenfelds residuals suggested that the proportional hazards assumption was satisfied. The survival effect of zoledronic acid treatment was significant in those without cognitive impairment [HR 0.56 (95 % CI 0.40 to 0.80)] compared to the cognitively impaired [HR 0.90 (95 % CI 0.59 to 1.38)] (Fig. 2) . Only about 5 % of patients had the infusion within 14 days of the hip fracture and excluding these did not change the findings (data not shown).
Discussion
There is an evidence gap demonstrating efficacy of secondary fracture prevention in patients with cognitive impairment. While we were unable to demonstrate a statistically significant difference in outcomes by cognitive status, the beneficial effect of zoledronic acid appeared to be maintained for fracture reduction in those with cognitive impairment. This was despite patients with cognitive impairment having many more risk factors for fractures and falls when compared with those with normal cognitive function. In contrast, there was a suggestion that the effect of zoledronic acid to improve survival did differ, with a significant survival advantage in patients with no cognitive impairment and no benefit in those with cognitive impairment. The two cornerstones of secondary fracture prevention are falls prevention and bone health. The benefits of fall prevention programmes remain controversial in individuals with moderate/severe dementia [17] . Hence, improving bone health remains the major focus for secondary fracture prevention in the cognitively impaired population. One concern is the ability of cognitively impaired patients to consistently follow the complicated administration regimes for oral bisphosphonates, as this may not only severely limit drug bioavailability, [18] but also has the potential for adverse events if not adequately followed. Other reasons for non-treatment in this group include polypharmacy concerns and under-recognition of fracture risk [8] . The advent of parenteral therapies therefore represented a major therapeutic advance in the field [6] . However, the systematic use of zoledronic acid in those with cognitive impairment has been tempered due to concerns that patients do not live long enough to benefit from the fracture reduction benefit of treatment. These data suggest that the effect of fracture reduction with zoledronic acid therapy does not differ by cognitive status.
A number of studies have demonstrated that those who have cognitive impairment and are admitted with a hip fracture have a range of poorer outcomes including prolonged length of stay [19] , in-hospital complications, lower rehabilitation success [20, 21] , poorer post-discharge ambulation [22] and higher mortality of up to 55 % at 6-months [23] [24] [25] . This has led to validated scores to predict mortality after hip fractures in the elderly such as the Nottingham Hip Fracture Score [26] . However, on an individual level, the discrimination of these scores is suboptimal, with up to 55 % of those in the highest risk group still alive at 1 year [27] . Further, the mortality after hip fracture appears to be improving over the recent years as demonstrated by the National Hip Fracture Database [28] . Whilst one study has demonstrated a potential reduction in fracture in those with cognitive impairment who were prescribed daily risedronate and ergocalciferol [29] , the study's validity has been questioned [30] . This analysis for the first time demonstrates in a placebo-controlled trial that patients with cognitive impairment may still benefit from an extended fracture free time with zoledronic acid compared with those receiving placebo.
In common with the parent study, we were able to demonstrate a significant survival advantage with zoledronic acid, but this was limited to only those with normal cognitive function on entry to the study and of a higher magnitude (42 %). Previous work has identified that pneumonia and arrhythmias were significantly reduced in those who received zoledronic acid even after adjusting for a wide range of potential confounders [31] . Strengths and limitations HORIZON is one of the few robust, randomised, double blind placebo-controlled trials with patients with cognitive impairment in this area of medicine. This study is based on a subgroup analysis of the parent trial. It is recognised that credible subgroup effects may enhance benefits and reduce harm and unnecessary use of health resources, and recently a set of criteria for judging the results from subgroup analyses has been published [32] . The major strength of this study is that we defined the research question based on biological rationale before the data were analysed, so reducing the risk of type I error [33] . Rather than looking for significance in each subgroup separately, we tested the hypothesis that the effect of zoledronate differed by subgroup using an interaction term [14] . In terms of criteria for the subgroup analysis [15] , cognitive impairment was recorded at baseline and, while not specified a priori to trial initiation, was specified prior to data analysis.
A major limitation is that we then lacked power to demonstrate statistically significant differences in the interaction term and the effect of zoledronic acid on the subgroup of patients with cognitive impairment. However, we believe the effects we found remain of clinical importance given difficulty in recruiting this high-risk population and the limited current level of evidence. Unfortunately, the measure of cognitive impairment was made only at baseline. Hence, we were unable to examine the chronicity of cognitive impairment and potentially misclassified those who then went on to develop incident cognitive impairment after their baseline assessment or those only temporarily confused at the time of surgery. This would bias our findings to the null. Also, about 7.5 % of the study participants had missing data on cognitive status, and these are potentially the patients with a more severe cognitive impairment.
No reliable data on vitamin D supplementation was available, and we therefore cannot explore how this would modify our findings.
Further, the rates of mortality found were lower than those reported in the literature. This probably reflects the fact that the investigators excluded those patients with a survival of less than 6 months and the overall better health status of patients recruited to clinical trials. Finally, data on cause of death were lacking, and therefore we were unable to explore whether the observed heterogeneity in mortality reduction were due to different causes of death in the cognitively impaired.
Conclusions
In patients admitted with a hip fracture, the reduction in future fracture rates by zoledronic acid was similar in those with and without cognitive impairment even with large differences in mortality rate. Given the rising prevalence of cognitive impairment in patients presenting with osteoporotic hip fracture, these exploratory findings urgently require confirmation in future trials but, in the interim, support the use of bisphosphonate therapy in those with cognitive impairment expected to live for more than 6 months.
